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Summary
Drosophila gurken mRNA is localized by dynein-
mediated transport to a crescent near the oocyte nu-
cleus, thus targeting the TGF signal and forming the
primary embryonic axes. Here, we show that gurken
and the I factor, a non-LTR retrotransposon, share a
small consensus RNA stem loop of defined second-
ary structure, which forms a conserved signal for dy-
nein-mediated RNA transport to the oocyte nucleus.
Furthermore, gurken and the I factor compete in vivo
for the same localization machinery. I factor transpo-
sition leads to its mRNA accumulating near and
within the oocyte nucleus, thus causing perturbations
in gurken and bicoid mRNA localization and axis
specification. These observations further our under-
standing of the close association of transposable ele-
ments with their host and provide an explanation for
how I factor transposition causes female sterility. We
propose that the transposition of other elements may
exploit the host’s RNA transport signals and ma-
chinery.
Introduction
mRNA localization is a common posttranscriptional
method for targeting proteins to their site of function in
a wide range of model organisms (Van de Bor and
Davis, 2004). In many cases, mRNA localization is
thought to involve polarized transport of mRNA by the
molecular motors kinesin and dynein on microtubules
(MTs) or myosin on actin (Tekotte and Davis, 2002). One
such transport cargo is gurken (grk) mRNA, whose lo-
calization and translational regulation play key roles in
predetermining the primary embryonic axes within the
developing oocyte. grk mRNA encodes a TGFα signal,
which first initiates the anteroposterior axis and later
initiates the dorsoventral axis (Gonzalez-Reyes et al.,
1995; Neuman-Silberberg and Schüpbach, 1993). At
cases, grk mRNA is localized in a crescent on one side
of the oocyte nucleus, first at the posterior and then in
the dorsoanterior, after the polarity of MTs is reorga-
nized. grk mRNA localization occurs by transport along
MTs mediated by cytoplasmic dynein (dynein), the ma-
jor minus end-directed motor in the eukaryotic cell.
During dorsoanterior localization, grk mRNA is trans-*Correspondence: ilan.davis@ed.ac.ukported in two distinct steps, both of which are MT and
dynein dependent (MacDougall et al., 2003). Each step
is thought to depend on a distinct network of MTs, the
first with its minus ends at the anterior of the oocyte
and the second with its minus ends concentrated
around the nucleus (MacDougall et al., 2003).
Previous efforts to map the region of the grk tran-
script required for its localization used transgenic fu-
sions between lacZ and part of the genomic region of
grk as well as truncations of the grk cDNA. A 400 bp
part of the coding region of grk is necessary for its lo-
calization (Thio et al., 2000). Sequences in the 5#UTR
appear to be responsible for localization of grk RNA in
late oogenesis (Saunders and Cohen, 1999), while sig-
nals in the ORF are essential for later localization and
those in the 3#UTR are required for complete localiza-
tion to the dorsoanterior corner (Thio et al., 2000). How-
ever, a small region of grk necessary or sufficient for its
localization has not been defined.
RNA signals for the localization of other transcripts
in the oocyte have been mapped previously to vary-
ing degrees. These include bicoid (bcd), oskar (osk),
fs(1)K10 (K10), orb, and nanos (nos) (Gavis et al., 1996;
Kim-Ha et al., 1993; Macdonald et al., 1993; Macdonald
and Struhl, 1988; Serano and Cohen, 1995), whose lo-
calization patterns are temporally and spatially different
from grk mRNA. With the exception of K10 and orb lo-
calization signals, which are very similar in sequence
and structure, no obvious similarities in primary se-
quence or predicted secondary structure have emerged
among these sequences, nor between signals known
to be required for apical localization of various RNAs in
the blastoderm embryo (Bullock et al., 2003; Davis and
Ish-Horowicz, 1991; Francis-Lang et al., 1996; Sim-
monds et al., 2001). When defined, minimal localization
signals have varied in size from a 625 nucleotide region
of 3#UTR of bcd (Macdonald and Struhl, 1988) to a 44
nt stem loop within the K10 3#UTR (Serano and Co-
hen, 1995).
Retrotransposons are transposable elements whose
transposition involves RNA intermediates. The Dro-
sophila I factor, a non-long-terminal-repeat (non-LTR)
retrotransposon, is similar to the LINE1 (L1) elements
that make up at least 17% of the human genome
(Lander et al., 2001). Interestingly, its transcript also lo-
calizes in the oocyte but its localization signal has been
mapped only crudely (Seleme Mdel et al., 2005). The I
factor encodes two proteins: a nucleic acid binding
protein (ORF1p) (Dawson et al., 1997) and protein en-
coding domains with predicted endonuclease, reverse
transcriptase, and RNaseH activities (ORF2p) (Fawcett
et al., 1986). Most strains of D. melanogaster contain
about 10 copies of full-length and potentially active I
factors in euchromatin [Inducer (I)] and about 30 de-
fective I factors in the pericentromeric heterochromatin
[reactive (R)] (Bucheton, 1990; Kaminker et al., 2002).
I factor transposition occurs at high frequency in the
germline of the female progeny of a cross between a
reactive female and an inducer male. Such females,
known as “SF” (sterilité femelle) females, have greatly
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52reduced fertility and are said to manifest I-R hybrid dys- 9
fgenesis (Bucheton, 1990). There is an increased fre-
iquency of mutations among the progeny of SF females
tthat do survive, and these are thought mostly to be due
cto I factor insertions or chromosome rearrangements
t(Finnegan, 1989). The exact cause of I factor-induced
lfemale sterility is not known (Lavige and Lecher, 1982;
cPicard et al., 1977).
bThe I factor, like other non-LTR retrotransposons, is
believed to transpose by target-primed reverse tran-
mscription (TPR), a mechanism in which reverse tran-
nscription of the RNA transposition intermediate is
(primed by a 3# OH at a break in chromosomal DNA at
jthe site of integration (Cost et al., 2002; Luan et al.,
a1993; Pritchard et al., 1988). This is assumed to require
uentry of the RNA into the nucleus of the cell in which
wtransposition takes place. Indeed, I factor RNA has
tbeen detected adjacent to the oocyte nucleus at stages
l8 and 9 and in an anterior ring (Seleme Mdel et al.,
i2005). A 552 bp sequence within the second open read-
cing frame has been shown to be necessary and suffi-
ccient for this localization (Seleme Mdel et al., 2005). We
drefer to this as the Loc+ sequence. The mechanism by
fwhich localization of I factor RNA is achieved is not
sknown.
fHere, we uncover a surprising dependence of both
ngrk and I factor transposable element RNAs on shared
2components of the cellular transport machinery of the
(oocyte. We show that grk and I factor transcripts con-
utain a small stem loop of common secondary structure,
but very limited sequence similarity, which represents
ta destination consensus signal for targeting RNAs in
ttwo steps to the oocyte nucleus by dynein-mediated
ttransport along MTs. I factor transposition causes a grk
fmislocalization phenotype and subsequent eggshell
nand embryonic dorsoventral patterning defects, as well
tas mislocalization of bcd RNA, leading to anteroposte-
irior embryonic axis defects. We have also detected I
ifactor RNA within the oocyte nucleus, suggesting that
ientry into the nucleus is required for transposition and
gtransmission into the germline. These observations
Dprovide an explanation for SF female sterility and for
n
the mechanism and route of transposition in the germ-
n
line. We propose a common principle that could apply
i
to other transposable elements, namely that selective f
germline transposition is achieved through intracellular e
mRNA transport in the oocyte, using the host’s ma- t
chinery followed by import into the oocyte nucleus. h
l
Results o
t
A Small Conserved Stem Loop in the Coding Region g
of grk mRNA Is Necessary and Sufficient s
for Its Localization w
Previous work, using transgenic constructs and in situ e
hybridization, mapped sequences responsible for local- c
ization of grk RNA to 400 nucleotides in the coding re- a
gion (Saunders and Cohen, 1999; Thio et al., 2000). We r
have used our in vivo injection assay for grk mRNA lo-
calization (MacDougall et al., 2003) to map the RNA se- T
quence required for localization, in an effort to define a L
small region sufficient for localization. We injected a I
rseries of 3# or 5# truncations of grk RNA into stage 8 oroocytes and assayed their localization potential and
ound that a 170 nucleotide region in the coding region
s necessary for localization (Figure 1A). Only fragments
hat included the 170 nucleotide region localized to a
rescent near the oocyte nucleus in a manner similar
o the full-length wild-type grk transcript, albeit with a
ower proportion of the egg chambers injected showing
omplete localization (Figure 1; see Supplemental Ta-
les available with this article online).
To further narrow down the region required for grk
RNA localization, we analyzed the corresponding 170
ucleotide region of the D. pseudoobscura grk gene
Figure 2A), previously sequenced by the genome pro-
ect (Bergman et al., 2002). We also included in this
nalysis the grk orthologs that we isolated from D. sim-
lans, D. affinis, D. errecta, D. miranda, and D. virilis,
hich are thought to have diverged from D.melanogas-
er between 5 and 60 million years ago. Fluorescently
abeled RNA derived from the different orthologs local-
ze efficiently when injected into D. melanogaster oo-
ytes. Futhermore, D. melanogaster grk RNA localizes
orrectly upon injection in D. virilis oocyte, the most
ivergent species studied (Figures 2B and 2C). There-
ore, the grk localization signal and machinery are con-
erved among Drosophilids. Comparison of the dif-
erent sequences allowed us to identify a conserved 64
ucleotide fragment in the coding region of grk (Figure
A) that is predicted by the RNA folding program mfold
Zuker, 2003) to form a similar stem-loop structure (Fig-
re 2D).
To assess the localization potential of the 64 nucleo-
ide stem loop, we injected fluorescent RNA containing
he stem loop alone. The 64 nucleotides were sufficient
o localize in a manner similar to the 170 nucleotide
ragment containing the stem loop and to the endoge-
ous grk transcript (Figures 1C and 1D and Supplemen-
al Tables), albeit at slightly lower efficiency. We also
njected an RNA that includes the 64 nucleotides alone
nto wild-type embryos and found that it accumulates
n the apical cytoplasm (Figure 1E) like the full-length
rk transcript (Bullock and Ish-Horowicz, 2001; Mac-
ougall et al., 2003). These results show that the 64
ucleotides contain a signal that is sufficient to recog-
ize the embryonic machinery required for apical local-
zation. We then tested whether the stem loop was suf-
icient for localization of a longer RNA by fusing it to
ither lacZ or hb, which have previously been shown
o lack localization potential. The results show that the
ybrid transcripts localize in the same way as the stem
oop alone (Figures 1F–1H). Finally, we tested the effect
f deleting the 64 nucleotides from the full-length grk
ranscript by coinjecting grk full-length RNA labeled in
reen and the mutant RNA labeled in red. The results
how that the wild-type full-length RNA localized,
hereas grk RNA lacking the 64 nucleotides became
venly distributed within the oocyte (Figures 1I–1K). We
onclude that the 64 nucleotide stem loop is necessary
nd sufficient for localization of injected grk RNA and
efer to it as the grk localization signal, or GLS.
he I Factor Transcript Contains a Similar mRNA
ocalization Signal to grk
factor mRNA is localized in the oocyte in a dorsoante-
ior cap near the oocyte nucleus, like grkmRNA, as well
gurken and I Factor mRNA Localization
53Figure 1. A 64 Nucleotide Stem Loop Is Nec-
essary and Sufficient for grk Localization
(A) Truncated grk constructs injected into liv-
ing oocytes. The grk Localization Signal
(GLS) maps to the ORF between nucleotides
637 and 701.
(B) Injected fusion constructs. GLS-LacZ,
GLS fused to lacZ; hb-GLS, GLS inserted in
hb mRNA.
(C–K) RNA localization in stage 9 oocytes (C,
D, F–K) and in a blastoderm embryo (E). In
this and all subsequent figures, the posterior
is to the right and dorsal to the top.
(C) grk in situ hybridization showing mRNA
accumulation in a dorsoanterior cap around
the oocyte nucleus.
(D–K) Oocytes and embryos injected with
fluorescently labeled RNA shown 1 hr and 20
min after injection, respectively.
(D) GLS RNA forms a cap around the oo-
cyte nucleus.
(E) GLS localizes apically when injected into
blastoderm embryos.
(F) GLS-lacZ forms a cap around the oocyte
nucleus.
(G) Injected hb RNA does not localize in the
oocyte.
(H) hb-GLS localizes like grk RNA.
(I–K) Coinjection of grk full length (FL) la-
beled with Alexa 488 (green) and grk full-
length deleted from the GLS (FLDGLS) la-
beled with Alexa 546 (red). An RNA lacking
the GLS does not localize (J and K). Scale
bar equals 50 m.as in an anterior ring, like bcd mRNA (Figures 1C and
3B and Supplemental Movies). Transgenic analysis of
deletion derivatives of the I factor has identified a 552
bp Loc+ sequence (Figure 3A) within the second openreading frame as being required for its localization (Sel-
eme Mdel et al., 2005). When we injected fluorescently
labeled Loc+ RNA into stage 9 oocytes, we found that
it localized to the dorsoanterior corner adjacent to the
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Conserved among Drosophilids
(A) Sequence alignment of a 300 bp grk
mRNA fragment flanking the GLS from dif-
ferent Drosophilids. The numbering is from
the D. melanogaster sequence. Identical nu-
cleotides are highlighted in gray. Underscore
highlights the GLS sequence. Asterisks
show the ORF start codon.
(B and C) Stage 9 oocytes injected with fluo-
rescently labeled RNA shown 1 hr after injec-
tion. Scale bar equals 50 m.
(B) Localization of D. virilis grk RNA injected
into a D. melanogaster oocyte.
(C) Localization of D. melanogaster grk RNA
injected into a D. virilis oocyte. Both RNAs
form a crescent around the oocyte nucleus.
(D) Predicted GLS secondary structure from
the different Drosophilids. All RNA folding
was predicted using the algorithm mfold ver-
sion 2.3 at 25°C. Nucleotides that differ from
D. melanogaster are shown in black.nucleus (data not shown). We then used the injection h
wassay to map the localization potential of subregions of
Loc+ and thus define the sequence within Loc+ required e
ifor localization. A 288 nt sequence at the right hand
end of Loc+ (Loc+R) localizes as well as full-length Loc+ t
iitself, whereas the remaining sequences Loc+Left (Loc+L)
and Loc+Middle (Loc+Mid) do not localize (Figures 3A–
3E). Similar methods to those we employed for identi- g
Mfying the GLS were then used to narrow down the re-
gion within the 288 nt necessary and sufficient for local- L
Tization.
The mfold RNA structure program predicted that the f
i288 nt region is able to form two prominent stem-loop
structures, which we have called the A (45 nt) and P l
e(58 nt) loops. Similar stem loops can be formed by the
equivalent region of a functional I factor from D. teissieri r
o(Figure 3G; Abad et al., 1989). We therefore injected
RNA corresponding to both the A and P loops or to the t
iP loop alone. RNA containing the P loop is able to local-
ize near the oocyte nucleus (Figure 3C), and deleting W
cthe P loop from the Loc+ prevents localization (Figure
3D). The P loop, but not the A loop, is therefore neces- n
ssary and sufficient for localization, albeit at slightly re-
duced efficiency than Loc+ (Supplemental Table S1). o
dAddition of the A loop to the P loop was sufficient to
restore its localization efficiency to that of Loc+ RNA. e
cWe conclude that the P loop is the I factor localization
signal, ILS. Although the ILS and GLS have only 34% R
rsequence identity, the mfold program predicts that theyave similar secondary structure elements (a hairpin
ith two internal loops and a bulge) (Figure 3G). Inter-
stingly, the ILS, like the GLS, localizes apically when
njected into blastoderm embryos (Figure 3E), showing
hat they are both recognized by the embryonic local-
zation machinery.
rk and I Factor Transcripts Localize by the Same
echanism and Compete for the Same
ocalization Machinery
o study I factor transcript localization in detail, we pre-
ormed high-resolution fluorescent in situ hybridization
n oocytes using antisense probes against the I factor
oc+ sequence (Figures 4D–4G). At stage 6-7 of oogen-
sis, grk and I factor transcripts colocalize at the poste-
ior tip of the oocyte (Figures 4A and 4D). At stage 9 of
ogenesis, grk mRNA is localized mostly in a dorsoan-
erior crescent near the oocyte nucleus, but also partly
n an anterior ring (Figure 4B; MacDougall et al., 2003).
hile I factor mRNA is also found in a dorsoanterior
rescent, its presence in an anterior ring is more promi-
ent at stage 9 than grk mRNA (Figure 4E) and is very
imilar to bcd RNA (Supplemental Movies). At stage 10
f oogenesis, when grk mRNA is strictly restricted to a
orsoanterior crescent near the nucleus, I factor mRNA
xpression is fading away both at the anterior and
lose to the nucleus (Figures 4C and 4F), while bcd
NA is localized in an anterior ring with no dorsoante-
ior cap (Supplemental Movies). Interestingly, using the
gurken and I Factor mRNA Localization
55Figure 3. grk and I Factor mRNA Localization
Element Share Similar Secondary Structure
(A) I factor RNA fragments injected into living
oocytes. I factor Localization Signal (ILS)
maps to the middle of ORF2 (3238–3295).
(B–F) mRNA localization in stage 9 oocytes
(B–D, F) and blastoderm embryos (E). Scale
bar equals 50 m.
(B) In situ hybridization on dysgenic oocyte
showing that I factor mRNA forms a cap
around the oocyte nucleus.
(C–F) Oocytes and embryos injected with flu-
orescently labeled RNA shown 1 hr and 20
min after injection, respectively.
(C) Injected ILS RNA forms a cap around the
oocyte nucleus.
(D) The Loc+ fragment lacking the ILS
(Loc+ILS) does not localize.
(E) ILS localizes apically in a blastoderm
embryo.
(F) ILS injection into a grk2B6/grk2B6 (RNA
null) mutant oocyte. The nucleus remains at
the posterior in 50% of the cases (arrow-
head), but the ILS localizes anteriorly and
around the nucleus.
(G) Predicted Loc+A and Loc+P (ILS) second-
ary structure from D. teissieri and D. melano-
gaster and comparison with GLS. Nucleo-
tides that differ from D. melanogaster are
shown in black, secondary structure motifs
present in the ILS and the GLS in red. H,
hairpin; S, stem; IL1 and IL2, internal loops 1
and 2; B, bulge.I factor Loc+ probe, we detected some signal within the
oocyte nucleus in close association with the karyo-
some (Figure 4G). RNase A treatment abolishes the sig-
nal in the nucleus completely (data not shown), show-
ing that the probe is binding I factor transcript rather
than DNA. We conclude that I factor transposition prob-
ably requires entry of the transcript into the oocyte nu-
cleus at around stage 10 of oogenesis.
The similarity between the ILS and GLS and overlap
between the patterns of localization of the endogenous
grk and I factor transcripts raises the possibility that
they may be localized by similar mechanisms. To test
this hypothesis, we coinjected oocytes with fluores-
cently labeled 64 nt GLS or 58 nt ILS and either col-
cemid, which disrupts MTs, or antidynein heavy chain
(dhc) antibody, which disrupts dynein function, each of
which blocks the localization of grkmRNA (MacDougall
et al., 2003). Disruption of either MTs or dynein function
is sufficient to prevent the localization of both the ILS
and the GLS RNAs (Figures 4H–4J). An RNA consisting
of lacZ fused to the osk 3#UTR localizes within the oo-
cyte, despite not containing the osk localization signal,
by associating with full-length endogenous osk RNA(Hachet and Ephrussi, 2004). To test whether RNA con-
taining either the GLS or the ILS localizes indirectly by
associating with endogenous grk transcripts, we in-
jected GLS or ILS RNA into oocytes of females homo-
zygous for the grk2B6 RNA null allele (Thio et al., 2000).
In such egg chambers, 50% of the nuclei stay localized
at the posterior, and MT minus ends are present both at
the posterior and the anterior of the oocyte. The results
show that injected GLS and ILS RNAs are able to local-
ize correctly in a grk RNA null background (Figure 3F).
We conclude that grk and I factor transcripts localize
independently by dynein-dependent transport along
MTs to a crescent near the oocyte nucleus.
To determine whether the injected GLS and ILS share
components of the same localization machinery, we de-
veloped an RNA localization competition assay. By in-
jecting an increasing molar excess of unlabeled grk
RNA together with a smaller concentration of full-length
fluorescently labeled grk RNA, we determined the ap-
proximate total amount of RNA required to saturate the
localization machinery. Under saturating conditions,
only a small proportion of the fluorescent RNA is local-
ized, but this cannot be easily detected, as the unlocal-
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in the Oocyte and Utilize a Similar Mecha-
nism of Localization
(A–C) In situ hybridizations with grk anti-
sense probe on wt oocytes.
(D–G) In situ hybridizations with I factor anti-
sense probe on dysgenic oocytes.
(A and D) Stage 7 oocytes. grk and the I fac-
tor mRNAs are localized at the posterior.
(B and E) Stage 9 oocytes. grk mRNA forms
a cap around the oocyte nucleus. I factor
mRNA localizes anteriorly and at the cap.
(C and F) grk mRNA forms an dorsoanterior
cap. I factor mRNA is present anteriorly and
around the oocyte nucleus.
(G) Higher magnification of the region high-
lighted by the white box in (F). I factor mRNA
is detected inside the oocyte nucleus.
(H–J) Tau-GFP oocytes injected with fluores-
cently labeled RNA shown 1 hr after in-
jection.
(H) ILS forms a crescent around the oocyte
nucleus and the MTs are not affected.
(I) Coinjection of ILS RNA and anti-Dynein
antibody disrupts ILS RNA localization, but
the MTs remain intact.
(J) Coinjection of ILS RNA and Colcemid dis-
rupts ILS RNA localization and MT organiza-
tion. Scale bar equals 50 m in (A)–(F) and
(H)–(J) and 10 m in (G).ized majority of the RNA overwhelms it. We found that s
(injection of unlabeled grk RNA at 10 M disrupts local-
ization. This represents about 6 × 106 RNA molecules s
cinjected into the oocyte. 6–9 M causes a partial inhibi-
tion, and 2 M has no affect (Figures 5A–5C). We found i
(that at 10 M, the GLS caused the same degree of inhi-
bition as grk full length (Figure 5G), indicating that the i
tGLS is sufficient to recruit all the limiting factors re-
quired for full-length grk mRNA localization. p
6To test whether the Loc+ and the ILS use the same
localization factors as the GLS and grk transcript, we f
ttested the ability of unlabeled Loc+ and ILS to compete
with full-length grk. The Loc+ and the ILS compete with f
agrk RNA at the same molar concentrations as the GLS
and grk itself (Figures 5D–5G). The GLS, ILS, and grk d
icould compete for factors specifically required for
transport or for general factors that bind to any RNA or R
Geven DNA. We distinguished between these possibili-
ties by using unlabeled hb RNA, tRNA, or plasmid DNA d
9in the injection assay (Figures 5J–5L) and found that
none interfered with grk RNA localization at the molar o
tconcentrations at which the ILS and GLS inhibit local-
ization. l
sTo determine whether the GLS and ILS are trans-
ported by dynein to the dorsoanterior corner along the eame path as previously defined for full-length grk RNA
MacDougall et al., 2003), we studied the intermediate
teps in the movement of the transcripts within the oo-
yte. The results show that GLS and ILS RNA localize
n two steps, first anteriorly and then dorsoanteriorly
Figures 6A and 6C). Furthermore, like endogenous and
njected grk transcripts, GLS and ILS RNA are localized
o the anterior in squidmutant oocytes and do not com-
lete the second step of localization (Figures 6B and
D). To test whether the GLS and ILS are also sufficient
or full dorsoanterior localization in the context of a
ransgene expressed in the nurse cells, we have made
usion constructs between GFP and the ILS or GLS in
UASp vector. The transformed lines were crossed to
ifferent Gal4 expressing lines (data not shown), includ-
ng nos-GAL4 (Figures 6E–6J), to express the fused
NA in the nurse cells. Our results show that both ILS-
FP and GLS-GFP transgenic RNA is localized to the
orsoanterior corner near the oocyte nucleus at stage
but is more diffusely localized or absent in stage 10
ocytes (Figures 6E–6J). We have also shown (above)
hat the ILS and GLS are necessary for dorsoanterior
ocalization of injected transcripts, and others have
hown that regions containing the ILS or GLS are nec-
ssary for localization in transgenes (see Discussion).
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57Figure 5. Injected I Factor and grk RNA Com-
petes Specifically for the Same Localization
Machinery
Stage 9 oocytes injected with fluorescently
labeled RNA and imaged 1 hr after injection.
(A–C) Coinjection of grk fluorescently labeled
RNA and an increasing amount of unlabeled
grk RNA (final concentration w2 M [A], w6
M [B], and w10 M [C]) inhibits grk local-
ization with increasing efficiency.
(D–F) Coinjection of fluorescently labeled grk
RNA and an increasing amount of unlabeled
I factor Loc+ RNA (final concentration w2
M [D], w6 M [E], andw10 M [F]) inhibits
grk RNA localization with increasing effi-
ciency.
(G) Coinjection of fluorescently labeled grk
RNA and unlabeled GLS RNA inhibits grk lo-
calization.
(H) Coinjection of grk fluorescently labeled
RNA and unlabeled ILS RNA prevents grk lo-
calization.
(I) Coinjection of fluorescently labeled GLS
RNA and an excess of unlabeled ILS RNA
prevents GLS localization.
(J–L) Coinjections of fluorescently labeled
grk RNA and unlabeled controls at a final
concentration of w10 M do not affect grk
localization. (J) DNA; (K) tRNA; (L) hb RNA.
Scale bar equals 50 m.Therefore, we conclude that the GLS and ILS RNAs are
each necessary and sufficient to recruit all the factors
required for the two-step transport to the dorsoanterior
corner, and at least one of these factors is likely to be
Squid.
I Factor Transposition Causes Mislocalization
of Endogenous grk and bcd mRNA,
Leading to Eggshell Defects
The fact that injected GLS and ILS RNA compete for
the same localization machinery and that the I factor
is present at approximately 4-fold excess in the same
location as bcd and grk RNA in stage 9 (Supplemental
Movies) raises the possibility that, during transposition,
I factor RNA expression could interfere with the local-
ization of endogenous grkmRNA during I-R hybrid dys-
genesis. To address whether this indeed occurs, we as-
sessed grk RNA distribution in stage 8/9 oocytes inovaries of SF females, in which I factor transposition is
occurring. In such oocytes, grk mRNA is more diffuse
than in ovaries from nondysgenic females (Figures 7A
and 7B). The distribution of Grk protein is also affected
and is restricted more to the anterior than normal (Fig-
ures 7C and 7D). The localization of bcd RNA is also
disrupted in oocytes of dysgenic females, having a dif-
fuse anterior distribution rather than the sharp anterior
ring observed in stage 8/9 oocytes of nondysgenic
females (Figures 7E and 7F). In contrast, osk RNA local-
ization at the posterior is unaffected by I factor trans-
position (Figures 7G and 7H). In situ hybridization
performed on embryos confirmed that bcdmRNA local-
ization is more diffuse in dysgenic embryos and that
osk mRNA localization is unaffected in such embryos
(Figures 7M–7P).
To investigate whether the disruption of grk and bcd
RNA localization in the oocytes of SF females leads to
Developmental Cell
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(Figure 6. The GLS and ILS Localize in Two Steps, the Second Being
Squid Dependent, and Are Sufficient for Transgenic mRNA Local- a
ization (
i(A and C) RNA (red) injected into nlsGFP (green) living oocytes.
((A) The GLS becomes localized anteriorly after 30 min and forms a
(cap around the oocyte nucleus after 80 min.
((C) The ILS localizes mainly anteriorly after 30 min and forms a
(dorsoanterior cap after 80 min.
((B and D) RNA (red) injected into living squid1/Df(3R)urd (green au-
(tofluorescence) mutant oocytes.
((B) GLS injected into squid1/Df(3R)urd oocytes remains at the ante-
(rior after 80 min.uired for localization and the 5#UTR was required for
D) ILS injected into squid1/Df(3R)urd oocytes remains anteriorly
fter 80 min.
E–J) In situ hybridization antisense probe against GFP in red, DAPI
n cyan.
E–G) Nos-gal4>UAS-GLS-GFP oocytes.
E) At stage 7, the RNA is localized posteriorly.
F) At stage 9, the RNA is concentrated at the dorsoanterior corner.
G) At stage 10, the RNA expression is more diffuse.
H–J) Nos-gal4>UAS-ILS-GFP oocytes.
H) At stage 6, the RNA is localized posteriorly.
I) At stage 9, the RNA is localized at the dorsoanterior corner.
J) At stage 10, the RNA is more diffuse. Scale bar equals 50 m.evelopmental abnormalities and embryonic lethality,
e examined the eggs laid by SF females. These eggs
re weakly ventralized, with the dorsal appendages be-
ng shorter and closer together and often fused along
art or all of their length (Figures 7I and 7J). Late em-
ryos derived from the SF females displayed an abnor-
al pattern of dentical belts, which are weakly ven-
ralized and have anterior defects, whereas control
ggs laid by nondysgenic females were normal (Figures
K and 7L). The developmental defects we have ob-
erved represent a combination of abnormalities ob-
erved in bcd and grk mutations and are consistent
ith phenotypes associated with mislocalization of bcd
nd grk mRNA (Driever and Nüsslein-Volhard, 1988;
euman-Silberberg and Schüpbach, 1994; Nusslein-
olhard, 2004; Roth and Schupbach, 1994). We con-
lude that during transposition, I factor RNA interferes
ith the localization of endogenous grk and bcdmRNA,
iving rise to patterning defects.
iscussion
sing an in vivo injection assay for dorsoanterior local-
zation of fluorescently tagged RNA, we have defined
he minimal regions, the GLS and ILS as necessary and
ufficient for the respective localization of grk and I fac-
or RNA in two steps to a dorsoanterior cap in oocytes.
ike endogenous and injected grk RNA, the anterior lo-
alization of ILS and GLS RNA depends on MTs and
ynein. The GLS and ILS have similar secondary struc-
ure but only limited sequence similarity. We have de-
eloped a novel in vivo competition assay and used it
o show that the GLS, ILS, and full-length grk compete
pecifically for a transacting factor or factors required
or localization. When the I factor is mobilized in the
emale germline, its transcript can be detected close to
he oocyte nucleus and it causes a disruption of grk
nd bcd mRNA localization and patterning defects in
he embryos. These observations indicate that the I
actor is highly integrated into the biology of its host,
tilizing cellular localization pathways that are of key
mportance to the development of the fly. Furthermore,
hey provide a molecular mechanism for the previously
nexplained sterility associated with I factor transposi-
ion, which has been known for many years.
We now know that the GLS is contained within a 400
p fragment of the coding region of grk, previously
hown to be necessary for grk mRNA localization in
ransgenes. In these studies, the 3#UTR was also re-
gurken and I Factor mRNA Localization
59Figure 7. I Factor Transposition Causes Mis-
localization of grk and bcd mRNA, Resulting
in Dorsoventral and Anterior Patterning De-
fects
Stage 10 wild-type (A, C, E, and G) and dys-
genic (B, D, F, and H) oocytes.
(A and B) grk in situ hybridization showing
that endogenous grk mRNA localization is
disrupted in dysgenic oocytes.
(C and D) Anti-Grk immunostaining showing
that the endogenous Grk protein is mislocal-
ized in dysgenic oocytes.
(E and F) bcd in situ hybridization showing a
mislocalization of endogenous bcd mRNA in
dysgenic oocytes.
(G and H) osk in situ hybridization showing
normal osk mRNA localization in dysgenic
oocytes.
(I–L) Cuticle preparations of embryos and
larvae from eggs of wild-type (I and K) or
dysgenic (J and L) females.
(J) The eggshell is weakly ventralized, show-
ing a fusion of the dorsal appendages.
(L) The cuticle shows anterior defects and a weak ventralization of the abdominal segments.
(M–P) In situ hybridization on wild-type (M and O) and dysgenic (N and P) embryos.
(M and N) bcd in situ hybridization.
(N) bcd mRNA is mislocalized in dysgenic embryos.
(O and P) osk in situ hybridization showing normal disribution in dysgenic embryos. Scale bars equal 50 m.stability and late localization (Saunders and Cohen,
1999; Thio et al., 2000). Our data agree with most of
these previous results, as we find that the dorsoanterior
localization of transgenic GLS-GFP RNA becomes dif-
fuse in stage 10, and sequences outside the GLS are
required for full efficiency of localization of injected
RNA. While the previous studies did not entirely agree
with each other and did not test directly whether part
of the coding region including the GLS is sufficient for
localization, they did show that the 3#UTR is necessary
for the second (dorsoanterior) step of grk RNA localiza-
tion but not for the first (anterior) step. The slight differ-
ences between their results and ours are probably due
to differences in the structure of the transgenes affect-
ing RNA secondary structure and the function of the
signals. Similar discrepancies between the localization
patterns of different parts of transcripts have been ob-
served previously. For example, the evenskipped 125 nt
apical RNA localization signal is sufficient to direct the
localization of lacZ in a transgene, but not in the con-
text of the entire 3#UTR (Davis and Ish-Horowicz, 1991).
We have shown that the endogenous I factor RNA is
localized in a pattern that overlaps with both endoge-
nous bcd and grk transcripts. The ILS is only sufficient
to promote a grk-like localization pattern, and the sig-
nal that promotes a bcd-like pattern of localization to
the endogenous I factor remains to be defined. The
GLS is also not sufficient to promote all aspects of grk
mRNA localization, as the GLS-GFP transgene RNA
fails to persist at stage 10 and the signal required for
such persistence probably resides in the 5#UTR (see
above). It is also possible that there is some degree of
redundancy in anterior and dorsoanterior localization
signals in grk and I factor transcripts.
Our results show that the I factor RNA is localized by
a dynein- and MT-dependent mechanism, adding to
two previously characterized dynein- and MT-depen-dent RNA transport cargos in the oocyte, namely grk
(Duncan and Warrior, 2002; Januschke et al., 2002;
MacDougall et al., 2003) and bcd (Cha et al., 2001; Dun-
can and Warrior, 2002). It is likely that there are many
more RNAs that are transported by dynein in the oo-
cyte, such as K10 and orb. Additional transcripts that
localize by a dynein-dependent mechanism may also
include the transcripts of other retrotransposons in or-
der to target transposition to the oocyte nucleus, thus
ensuring passage through the germline to the next gen-
eration. Interestingly, some retroviruses, such as HIV,
also require MTs and dynein for their transport to the
nucleus (Whittaker et al., 2000). We propose that RNA
transport may play an important role in the life cycle of
other transposable elements and viruses.
In addition to the ILS and GLS, there are a number of
previously characterized small RNA localization sig-
nals. These include K10, orb, and nanos in the oocyte,
h, eve, ftz, and wg in the blastoderm embryo, as well
as RNA localization signals in other organisms (Van de
Bor and Davis, 2004). However, other than K10 and orb,
which are very similar, there is no obvious consensus
between any of the transcripts either in primary se-
quence or secondary structure, nor is there any sim-
ilarity between the ILS and GLS and any of the other
signals previously defined. The search for such a com-
mon element is probably hampered by the lack of good
tools for systematic and reliable genome-wide searches
for RNA secondary and tertiary structure. If such con-
sensus motifs exist, they are likely to define similar sub-
cellular destinations by binding to similar transacting
factors and motors. Therefore, an interesting future line
of investigation is to determine whether the localization
signal shared by grk and I factor RNAs represents a
universal perinuclear targeting signal used by other
transcripts in the oocyte and in somatic tissues.
The competition assay we developed shows that grk
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60fand I factor transcripts share the same localization ma-
cchinery. Furthermore, our semiquantitative comparison
lbetween the levels of endogenous I factor, grk, and bcd
S
RNA suggest that the I factor RNA is present in excess 5
to the other RNAs, consistent with it competing for fac- a
tors required for bcd and grk RNA localization. How-
Sever, the endogenous and injected case could be
Rmechanistically very different. While the injected ILS or
UGLS RNA are likely to swamp the machinery required
m
for the anterior and second step of grk RNA transport, D
the endogenous I factor transcript might interfere with f
a different step such as grk RNA anchoring and/or bind
to the same factors at different affinity. I
OThe localization signals we have defined are neces-
rsary and sufficient for localization, and the injected
LRNA signal is able to recruit all the factors in the cyto-
n
plasm required for their localization. Therefore, the t
specificity of mRNA localization to the dorsoanterior e
corner is completely defined by these RNA signals and R
by the proteins that bind to them in the cytoplasm.
PThese proteins must somehow define which motor the
DRNP complex binds to and possibly the choice of a
Usubset of MTs that the particular motor-cargo complex
f
moves along (MacDougall et al., 2003). We anticipate a
that the protein composition of the I factor and grk RNP X
gcomplexes are very similar but could be subtly different
pin either composition or spatial organization of the
csame factors. An important difference between both
fRNAs is that the I factor transport appears to require
r
the ORF1 protein (Seleme et al., 1999). Another differ- f
ence may be in the factors required to import the I fac- G
ptor mRNA into the oocyte nucleus, a step that is absent
fin the case of grk. Future biochemical experiments will
mbe required to define the complement of proteins that
mbind to the GLS, ILS, and K10 localization signal (Ser-
a
ano and Cohen, 1995) as well as the composition of the m
motor complexes and their accessory factors. The X
ggreat challenge will be to define which of these are re-
wquired only for general mRNA metabolism and which
pare involved in defining the specificity of cargo desti-
fnation.
t
Experimental Procedures C
F
Fly Strains 2
Most stocks were raised on standard cornmeal-agar medium at (
25°C. The wild-type strain was Oregon R (OrR). Squid1/Df(3)urd i
was used (G. Schupbach). An nlsGFP strain containing four copies A
of the nlsGFP transgene (yw; nlsGFPM; nlsGFPN) (Davis et al., 1
1995) was used to visualize nurse cells and oocyte nuclei. TauGFP a
(D. St Johnston) flies were used to visualize MTs. Nos-gal4 (D. i
St Johnston), Tub-gal4 (A. Guichet), and Otu-gal4 drivers were n
crossed with the UAS-GLS-GFP and UAS-ILS-GFP transgenic flies.
D. simulans, D. affinis, D. erecta, D. miranda, D. pseudoobscura, 4
and D. virilis were kindly provided by B. Charlesworth and M. Ro- I
zowski. Reactive [Ja (y,w)] and inducer [Jacs (y,w)] strains were p
maintained at 18°C on soft medium and passaged using flies no w
older than 3 days. v
2
Immunohistochemistry and RNA In Situ Hybridization
Ovaries were prepared for immunostaining and hybridization as de- Q
Tscribed (MacDougall et al., 2003) and mounted in Vectashield (Vec-
tor). Embryos were prepared as in Wilkie and Davis (2001). The l
tfollowing primary antibodies were used: mouse anti-Grk (1:10)
(DSHB), sheep anti-FITC-POD (1:1000) (Roche), and sheep anti- Q
pDigoxigenin-POD (1:1000) (Roche). In situ hybridization was per-ormed as previously described (Wilkie et al., 1999) using fluores-
ent tyramide detection (NEN LifeSciences). Digoxigenin and FITC-
abeled antisense probes were prepared using full-length grk (G.
chüpbach), osk (A. Ephrussi), bcd (C. Nüsslein-Volhard) cDNA, a
52 nt I factor fragment (Loc+) located in the ORF2 (2833–3399),
nd a 600 bp fragment of GFP.
ynthesis of Fluorescently Labeled, Capped RNA
NA was transcribed in vitro using T7, T3, or SP6 polymerase,
TP-Alexa 546, or UTP-Alexa 488 (Wilkie and Davis, 2001). Plas-
ids containing full-length and truncated grk cDNA from different
rosophilid species, hb cDNA (B. Edgar), and I factor truncated
ragments were used.
njection of RNA and Inhibitors
varies were dissected and separated into individual ovarioles di-
ectly onto coverslips in Series 95 halocarbon oil (KMZ Chemicals
td) and injected with fluorescently labeled RNA using Femtotip
eedles (Eppendorf). Fluorescent RNA was injected at concentra-
ions of 250–500 ng/l and Colcemid (Sigma) at 100 g/ml. Each
xperiment was repeated with at least two different batches of
NA. Anti-Dhc antibodies were from T. Hays or D. Sharp.
lasmid Construction and Cloning of grk from
ifferent Drosophilids
nless otherwise stated, constructs were generated by PCR ampli-
ication and cloned into pGEM-T Easy vector (Promega). To gener-
te the hb-GLS construct, the GLS (637–701) was cloned into the
hoI site (2019) of pGEM2-hb (B. Edgar). I factor truncations were
enerated by PCR with primers containing the T7 RNA polymerase
romoter, gel purified and transcribed directly. grk fragment were
loned from different Drosophilids by extracting mRNA from whole
lies (TRIZOL reagent, GIBCO-BRL) and reverse transcribing using
andom hexamers. grk fragments of 340 bp were amplified by PCR
rom the cDNA using the oligos CGACGCCAAATTGCATTTGCG
CC and GATCTGCTGCTGCAGCTCGTGCGC and cloned into
GEM-T Easy vector. The plasmids were sequenced to confirm the
inal product. RNA secondary structures were predicted using
fold version 2.3 at 25°C (http://www.bioinfo.rpi.edu/applications/
fold/old/rna/). The GLS and ILS fragment were amplified by PCR
nd cloned into the KpnI and NotI sites of PUASp. A 600 bp frag-
ent of GFP was amplified by PCR and cloned into the BamHI and
baI sites of PUASp. Both plasmids were sequenced and trans-
enic lines made by Genetic Services Inc. The same GFP fragment
as cloned into pGEM-T Easy vector and used for making in situ
robes. The transgenes contain a polyadenylation signal from a
ragment of the K10 3#UTR in PUASp, which lacks localization po-
ential (Saunders and Cohen, 1999).
uticle and Eggshell Preparation
or cuticle preparation, eggs were allowed to develop for 24 hr at
5°C. Unhatched embryos were dechorionated with diluted bleach
1:4 in water) for 3 min. The embryos were then vortexed for 1 min
n a 1:1 methanol:heptane solution and transferred to a coverslip.
fter the methanol had evaporated, the embryos were placed in a
:1 mixture of lactic acid:Hoyer’s medium and incubated overnight
t 65°C. For eggshell preparation, freshly laid eggs were mounted
n a 1:1 mixture of lactic acid:Hoyer’s medium and incubated over-
ight at 65°C.
D Imaging and Deconvolution
maging was performed on a widefield DeltaVision microscope (Ap-
lied Precision, Olympus IX70, and Roper Coolsnap HQ). Images
ere acquired with 20×/0.75NA or 100×/1.4NA and then decon-
olved. Up to 25 egg chambers were imaged in parallel (Davis,
000).
uantification of grk, bcd, and I Factor In Situ Hybridizations
he probes and the in situ hybridizations were generated in paral-
el. The labeling efficiency of each probe was evaluated by a spot
est on Hybond N+ membrane using NBT/BCIP labeling and Image
uant software (http://www.lgtc.nl/home/protocols/micro-arrays/
rot_array_label_spottest.html). Z sections were captured through
gurken and I Factor mRNA Localization
61the oocytes at 2 m intervals. The signal quantification was per-
formed at stage 9 using SoftWorx (API) using the data inspector
tool. Prior to the analysis, background signal intensity less than 100
was eliminated from each image using the threshold tool, and only
the total intensity of signal present at the anterior of each oocyte
was measured. We found that the intensity of I factor fluorescence
was approximately 4-fold greater than that of grk and bcd at early
stage 9.
Supplemental Data
Supplemental Data include nine movies and three tables and can
be found with this article online at http://www.developmentalcell.
com/cgi/content/full/9/1/51/DC1/.
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